ABSTRACT Aiming at the phenomenon of traction blockades due to the low-frequency oscillation (LFO) in electrified railways, a control strategy of electric multiple units (EMUs) traction line-side converter (LSC), based on the extended state observer (ESO) sliding mode control (SMC) is proposed in this paper. First, the mathematical model of EMUs LSC in the d-q frame is deduced. Then, the principles and design processes of the proposed control strategy are analyzed in detail, including the combination of the outer loop voltage sliding mode with ESO and the control law of the inner loop. Moreover, the simulation model of doubly redundant LSC of EMUs is built in MATLAB/Simulink. The simulation results are compared with the traditional linear proportional integral (PI) control and the basic SMC. It is shown that the proposed ESO + SMC control strategy has better dynamic and static characteristics. Finally, the simulation model of multiple EMUs connected to vehicle-grid coupling systems is built, and an integrated dSPACE semi-physical experimental platform consisting of eight EMUs and an equivalent traction network is constructed to further verify the suppressing effect of LFO. The experimental results show that, the proposed ESO + SMC can effectively suppress the LFO.
I. INTRODUCTION
NOWADAYS, while more and more alternating currentdirect current-alternating current (AC-DC-AC) trains are put into operation and the complexity of the traction power supply system is greatly increased, the low-frequency oscillation (LFO) of the traction power system has occurred in many countries, such as Norway, Germany, Switzerland, United States and France to mention but a few [1] - [4] . Since 2008, the phenomenon has frequently happened in China's high-speed railway depots when several EMUs are accessed to the traction network at the same time, which is characterized by the synchronized LFO of electrical quantities
The associate editor coordinating the review of this manuscript and approving it for publication was Fengjiang Wu. such as traction network voltage and current [5] . The LFO may trigger the protection logic devices of EMUs and result in the traction blockade, which makes the locomotives not run normally [6] . In addition, some studies have pointed out that the LFO may occur in the situation when EMUs are in operation [7] . The sudden loss of traction power could cause serious consequences.
Therefore, in order to avoid recurrences of LFO and prevent the serious consequences, such as the traction blockade and the loss of power during operation, the study of suppressing LFO has great significance for electrified railways. At present, it is generally believed that the LFO is caused by the mismatch between the electrical parameters of traction network and the control parameters of line-side converter (LSC) [6] - [8] . The suppression methods can be categorized into two aspects. One is the improvement of the traction network, for example, reducing the equivalent impedance of the traction network or adding power oscillation damping link. The other is the modification of the vehicle model and control strategy, including the decrease of the number of vehicles, the adjustment of control parameters. Among the suppression methods above, the optimization of control strategy is the simplest and the easiest to be implemented in the actual engineering.
Some scholars have conducted a series of studies on LFO from the modification of control strategy of EMUs LSC. Mollerstedt and Bernhardsson analyzed the stability of the control system through the harmonic transfer function, and concluded that the stability of the vehicle-grid system is determined by control strategies of LSC [9] . Han et al. proved that the converter control strategies have a direct impact on the stability of vehicle-grid system by deriving the voltage closed-loop transfer function [10] . Wang et al. revealed the influence of LSC control parameters on the low-frequency stability of the system by plotting the tendency chart of the predominant poles changing with the LSC control parameters [11] . According to the above studies, it can be noted that the control strategy of LSC can change the dynamic characteristics of the vehicle-grid system in low-frequency domain to suppress LFO. Some methods of suppressing LFO were studied by improving control strategies. Danielsen et al. improved the low-frequency stability of the vehicle-grid system by changing the control parameters of the LSC [12] . Liu et al. proposed some control strategies of LSC based on multi-variable control and passive control, which suppressed the occurrence of LFO successfully [13] , [14] . However, there are still some deficiencies in [9] - [11] . The control strategy of EMUs LSC is proved as a key factor affecting the lowfrequency stability of the vehicle-grid system, but the specific improvement measures are not given. References [12] - [14] proposed new control strategies of EMUs LSC, but have some disadvantages, such as the overshoot, poor response speed and large harmonic distortion rate.
Sliding mode control (SMC) is a kind of nonlinear control, which changes with the state of time and the controlled system. This control method has some excellent characteristics such as simple construction, wide range of parameters and good adaptability to nonlinear systems. At present, SMC has been widely used in three-phase pulse width modulation (PWM) rectifier, DC-DC converter and other power electronic converters. Vilathgamuwa et al. proposed a novel SMC for the voltage sourced reversible rectifier based on variable structure control techniques. The experimental results showed that the strategy has better dynamic performance than the conventional space vector modulated control [15] . Shtessel et al. proposed a SMC method which is feasible to address the power factor correction for a class of three-phase boost AC-DC power converters [16] . Tan et al. proposed a SMC strategy suitable for all continuous conduction mode DC-DC converters, and verified its feasibility with the experimental prototype [17] . Yu et al. proposed a SMC strategy to apply in the doubly fed induction generator (DFIG) wind turbines connected to multi-machine power grids and proved it had better dynamic response compared with the conventional control [18] . Jung and Tzou proposed a discrete SMC for single-phase PWM inverter, which improved the tracking performance of the inverter and enhanced its robustness [19] . It can be concluded that SMC can be well applied to power electronic converters with better dynamic and static performance.
However, most of the proposed SMC strategies have only considered the control of the input current in the sliding mode [15] - [18] , while the DC-link capacitor voltage is regulated by a proportional integral (PI) controller. Moreover, the SMC is sensitive to load changes of LSC [17] , and it needs much information to ensure good control effect [20] . To solve these problems, an extended state observer (ESO) is proposed to guarantee the robustness of the control loops and reduce the amount of electrical information collected. ESO is a practical and effective disturbance observer, which directly regards all unknown quantities and disturbances as new state variables. ESO has been used in the controller of power electronic converters to remove the mismatched disturbance and certain sensors which greatly influence the traditional controller [20] - [22] . It can be noted that ESO can offset the shortcomings of SMC according to the above researches. Wang et al. and Liu et al. have applied extended state observer-based sliding mode control to power electronic converters and both can maintain the stability of the system when the load changes [20] , [24] . In addition, an ESO-based SMC method was designed to deal with mismatched disturbance for pulse-width modulation-based DC-DC buck converter system in [20] , and an ESO based second-order slidingmode control for three-phase two-level grid-connected power converters was proposed in [24] .
To suppress the occurrence of LFO by improving the control strategy of LSC, this paper tries to apply the extended state observer-based sliding mode control (ESO + SMC) in the control of the LSC of EMUs. The proposed technique is composed of two control loops. The outer loop regulates the DC-link capacitor voltage and provides the current reference values for the inner control loop. The inner control loop tracks the actual currents with the reference values. To design the outer loop controller, the equivalent resistant is considered as the disturbance, which will directly affect the control performance of the controller. ESO is established to estimate the disturbance and ensure the stability of the whole system, and SMC is combined with ESO in the outer control loop to improve the system performance. For the inner loop, the appropriate SMC control law is selected to enhance the dynamic response speed, and output the modulated wave to generate switching signals for LSC. These two control loops form a closed loop control system, and drive the LSC to achieve its operational goal. Compared with [17] and [24] , the SMC in this paper adopts a more concise design method, it sets the sliding mode according to the control objectives of the traction LSC directly and VOLUME 7, 2019 controls the system states by selecting an appropriate control law. In addition, the combination of SMC and ESO is more intuitive: the output of ESO is the input of SMC. Moreover, the proposed method is easier to be realized in the actual engineering. In this paper, the SMC combined with the ESO was designed based on the special topology and line parameters of CRH5 EMUs. And the detailed derivation process of the algorithm and the design of control parameters were given in detail. The algorithm was verified in the simulation model of vehicle-grid coupling model, which was composed of the reduced-order traction network model and the traction drive system of CRH5 EMU. To accord with the actual engineering situation, the EMUs were accessed in the simulation model of traction network in a specific way. The main contribution of this paper was that the proposed control algorithm was verified with an integrated dSPACE semiphysical experimental platform consisting of eight EMUs and an equivalent traction network. This contribution is also the main difference with other existing algorithms for LFO suppression. The simulation and experimental results indicate that the proposed ESO + SMC control strategy has excellent control effect and can effectively suppress the LFO and it has great significance to the safety and stability of electrified railways.
This paper is organized as follows. In Section II, the mathematical model of the single-phase LSC of EMUs is presented and the proposed ESO + SMC controller is deduced. In Section III, simulation results of doubly-redundant traction LSC based on three mentioned control strategies are discussed in detail. In Section IV, simulations of multi-EMUs connected vehicle-grid coupling system based on ESO + SMC and PI control are compared. In Section V, an integrated dSPACE semi-physical experiment platform based on the vehicle-grid coupling system is constructed. The experimental results demonstrate the feasibility and effectiveness of the ESO + SMC controller in suppressing LFO. Finally, conclusions are drawn in Section VI.
II. MATHEMATICAL MODEL OF THE SINGLE-PHASE LSC OF EMUs

A. VEHICLE-GRID COUPLING SYSTEM
At present, most researchers believed that the LFO is caused by the mismatch between the electrical parameters of traction network and the control parameters of LSC [6] - [8] . To verify whether the proposed control strategy can effectively suppress the LFO, the mathematical model of vehicle-grid coupling system based on ESO + SMC is built firstly. The vehicle-grid coupling system is shown in Figure 1 , which consists of regional power grid, traction substation, traction network and EMUs traction drive system. When the LFO occurs, multiple EMUs are put into operation, and a large number of nonlinear switching ripples are injected into the traction network. It will break the dynamic balance between the traction network and EMUs traction drive system, and then lead to the distortion of input voltage and current. When more EMUs are put into operation, the distortions are superimposed, and lead to the traction blockade eventually.
B. MATHEMATICAL MODEL OF THE SINGLE-PHASE LSC OF EMU
In Figure 1 , the traction LSC part is comprised of equivalent power source e n , the equivalent inductance L and resistance R of traction transformer, four bridge arms T 1∼4 which are formed by parallel connection of insulated gate bipolar transistor and diode, the DC-link capacitor C and the equivalent resistor R l . In this part, i n , U dc and i l denote the grid input current, DC-link voltage and load current of R l , respectively. i dc is the sum of i l and the capacitor current, and u ab is the voltage between Node a and Node b. According to the relationship of electrical quantities in traction LSC, the following state space equations can be obtained
Assuming that the bridge arms are ideal devices, the switching function can be defined as follows:
Simplifying the schematic of traction LSC according to equation (2) , the equivalent topology of LSC is shown in Figure 2 .
There are four effective combination logic states of S a S b , which are 00, 01, 10 and 11, respectively. When S a S b = 00 or 11, u ab = 0. So, there are three different values of input voltage: U dc , 0 and −U dc . Therefore, u ab can be expressed as For ESO + SMC strategy, the decoupling values of e n and i n are necessary. Virtual orthogonal quantities i β and e β can be constructed by extracting the same amplitude and frequency from i n and e n with the phase lag of 90 o . i n is expressed as i α , and e n is expressed as e α . Then the decoupled quantities i d , i q and e d , e q can be obtained via the Park transformation matrix as follows.
e d e q = cos ωt sin ωt
where ω is the fixed-frequency of the input voltage e n . Equation (1) can be represented as follows [23] .
Equation (6) is the mathematical model for LSC of EMUs in dq frame. S d and S q are the system switching functions after the decoupling of active and reactive power, which are transformed from S a and S b .
C. CONTROL DESIGN OF ESO + SMC
The control objectives of the traction LSC of EMUs are described as follows.
1) DC-link voltage U dc maintains the relative stability
2) The reactive power is close to 0, and ideally equivalent to
In the system of traction LSC, some different kinds of disturbances exist, such as load variations and parameter uncertainties, etc. Therefore, the ESO + SMC control strategy is adopted to ensure that the closed-loop system has enough ability to reject the above disturbances on the basis of improving the dynamic response effect. The block diagram of ESO + SMC controller is shown in Figure 3 . The control strategy consists of an outer loop and an inner loop to achieve control objectives (7) and (8), respectively. For the outer loop, the ESO part provides the actual power observation valueP l for the SMC controller [25] , and the SMC controller outputs the reference value of i d . 
1) PI CONTROL AND SMC CONTROL STRATEGIES
PI control is a traditional control strategy in the LSC of EMUs at present, which uses dq decoupling values of currents and voltages to track and control the active and reactive power in the system. The strategy adopts the double closed control loop: the outer voltage loop regulates the DC-link voltage U dc to the reference value by a PI controller, and the inner current loop forces the reactive power to approach 0. SMC adopts similar double closed control loop with PI control, while the construction of control algorithm is based on the selection of sliding mode and control law. The block diagram of SMC is shown in Figure 4 . Though the design concept of SMC part of ESO + SMC and SMC is identical, there are some obvious differences between these two controllers. SMC needs one more sensor to transmit the information of i l and apparently there is no such sensor in ESO model, which means that the ESO + SMC can achieve the same control objectives with less information and save one sensor. Comparing PI and SMC with ESO + SMC is an essential way to prove that SMC has disturbance sensitive defects, and it is also a powerful way to test whether the proposed ESO + SMC has good dynamic and static characteristics.
2) OUTER LOOP VOLTAGE CONTROL
The outer loop voltage controller of ESO + SMC consists of the disturbances estimation part (ESO part) and the DClink voltage tracking part (SMC part). The goal of outer loop voltage controller is to regulate the DC-link voltage to the reference value. The steps of the outer loop voltage control are listed as follows.
In the first step, the ESO part is established to estimate the disturbances of the LSC system. For the LSC system expressed as equation (6), set P dq = e d i d + e q i q , x 1 = 1/2U 2 dc , and x 2 = P l , where P l = i l R l is the actual real-time VOLUME 7, 2019 load power. Thus, the third equation of equations (6) can be simplified [24] .
To establish the ESO, all the disturbances and unknown quantities of the system can be considered as a new system state variable. For the LSC system, the actual load power P l is not constant and it is regarded as an external disturbance. Based on the above considerations, the ESO is built to estimate the disturbances asymptotically. To design the ESO, the derivative of P l is represented as f (t), and equation (9) can be written as
A linear ESO is given by
where z 1 and z 2 are obtained by the ESO, which is the estimation of x 1 and x 2 , respectively. The characteristic polynomial of the two order linear system in equation (11) is
where β 1 and β 2 are positive parameters, which are selected to guarantee equation (12) is Hurwitz stable. The observation errors are
Combining equation (10), (11) and (13), the system error state equation can be obtained by
which can be expressed as
where A = −
. Suppose that f (t) is bounded
where t 0 is the initial time and x(t 0 ) = 0. According to equation (14) , the system is a linear stationary continuous time system. Therefore, all poles of its closedloop transfer function satisfy
To ensure all poles to have negative real parts, the system is bounded by
The estimated value of the actual real-time load power z 2 is obtained by ESO, and then z 2 is adopted in the SMC part to regulate the DC-link voltage.
In the second step, the SMC controller is designed, which includes two parts. One is to establish a suitable sliding mode switching function. The other is to choose the appropriate control law. For the proposed ESO + SMC control strategy, the first part of SMC is combined with ESO to build the outer loop, and the second part is used to establish the inner loop. To establish the outer loop, the sliding mode of the LSC can be determined according to the control objective (7) . U dc and i q are selected as the output of the control system, and set
, e i q and e φ are used to indicate the error value of U dc , i q and
The sliding modes s 1 is set according to U dc and s 2 is set according to i q . 
Equation (21) 
Substituting (22) into (21), then
In the third step, according to equation (11) , the estimated value of the actual real-time load power is obtained and the load current i l can be replaced by z 2 /U dc to estimate the disturbances caused by load changes.
Equation (24) provides a theoretical basis of the construction of the outer loop voltage control module. The block diagram of the outer loop voltage control based on ESO + SMC is shown in Figure 5 . 
3) INNER LOOP CURRENT CONTROL
The inner loop controller is established according to control objective (8) to force the power factor to approach 1, which can be expressed under ideal condition as follows. 
In order to make the LSC system have good dynamic and static performance at the same time, the exponential control law is chosen below.
where sgn(s) is the sign function.
And −ks is the exponent term, which plays the leading role when the system state is far away from the sliding mode, and it makes the state of the system approach the sliding mode quickly; −εsgn(s) is the isokinetic approach term, which reduces the approaching speed when the system state is close to the sliding mode. The selection of k and ε has no obvious effect on the control characteristics in a large range. According to the choice of the control law, the design method of the current loop controller is shown below.
First, the exponential reaching law is adopted for the sliding modes s 1 and s 2 which are calculated in equation (20) , thenṡ 1 andṡ 2 can be represented as
Substituting equation (19) into (29), u d and u q can be calculated as Second, the signals of modulation wave u * consisting of u α and u β are obtained by Park transformation matrix shown in equation (4), and the switch signals can be obtained by PWM module to control the rectifying bridges. The block diagram of the inner loop voltage control based on SMC is shown in Figure 6 .
III. SIMULATION MODELING AND VERIFICATION OF DOUBLEY-REDUNDANT LSC
The simulation model of doubly-redundant traction LSC of EMUs is built in MATLAB/Simulink, as shown in Figure 7 . The system parameters are listed in Table 1 .
A. CONTROL PERFORMANCE BASED ON THREE CONTROL STRATEGIES 1) THE CONTROL PERFORMANCE WITH CONSTANT LOAD
To validate the effectiveness of the proposed ESO + SMC, the simulation verification is carried out from several aspects. First, the control performances of DC-link voltage based on ESO + SMC, SMC and PI are shown in Figure 8 and Table 2 .
It can be seen that the control performances of DC-link voltage based on ESO + SMC and SMC are much better than those of PI controller. There is no overshoot based in ESO + SMC and SMC controllers, while the overshoot based on PI controller is 25%. The other performance indexes are also better than PI controller. As for ESO + SMC and SMC controllers, the response time of ESO + SMC is decreased by 50% compared with that of the SMC controller. The voltage fluctuation is almost the same. In summary, the ESO + SMC has the best control performance of DC-link voltage among the above controllers under the constant load.
Second, the evaluations of decoupling grid currents i d and i q are presented under above-mentioned control strategies. The waveforms and performance indexes are represented in Figure 9 , Table 3 and 4. There are obvious overshoots when the system starts under all the three control strategies. However, according to the peak data in Table 3 and 4, the overshoot of the proposed method is smaller than that of the other two methods. According to the response time in Table 3 and 4, the proposed ESO + SMC method has the fastest dynamic response speed, which means that the proposed ESO + SMC can improve the speed of control and data processing of the voltage outer loop significantly. Moreover, the proposed method has the minimum current fluctuation, which means that the ESO + SMC has the most stable static characteristics after reaching the steady state compared with the other two control methods. In general, the ESO + SMC is optimal in both dynamic and static characteristics of decoupling grid currents.
The primary-side AC currents and voltages of the traction transformer based on the ESO + SMC, SMC and PI controllers are shown in Figure. 10, respectively. And the results of fast Fourier transform (FFT) of the corresponding currents are also shown in Figure 10 , respectively. THD (Total Harmonic Distortion) is a performance indicator that characterizes the distortion of an object's waveform relative to a standard sine wave. The THD of AC current based on SMC is a little better than PI. It can be noted that ESO + SMC can reduce the harmonic interference of the LSC to the traction network effectively and present better dynamic and static performance according to the overshoot, response time, DC-link voltage fluctuation and THD.
For the ESO, the most intuitive evaluation is to compare the observed values with the real values. Figure 11 presents the tracking effect of ESO on x 1 and x 2 . According to Equations (11), (12) and the associated descriptions, it can be known that z 1 and z 2 are the estimation of x 1 and x 2 , respectively. According to Figure 11 (a) and (b), the tracking performances of z 1 and z 2 are both good, which means the ESO can output the correct observations in a short time. Particularly, z 1 shows excellent tracking ability, which almost completely coincides with the value it tracks.
2) THE CONTROL PERFORMANCE WITH a sudden change in LOAD.
To further evaluate the performance of the proposed controller, the test of load step suddenly is carried out. The DC-link equivalent resistant load is set from 25 to 15 at 1s. The dynamic response results of DC-link voltages are presented in Figure 12 , where the red small square represents the peak valley of voltage decline for ESO + SMC and the black one is the peak valley of voltage decline for PI.
As shown in Figure. 12, the DC-link voltages of three controllers will decline from 3600V to the peak valleys after the load step suddenly. The DC-link voltage based on ESO + SMC returns to 3600V after 0.5s, while the voltage based on traditional PI and SMC cannot return to the reference voltage value. The DC-link voltage based on traditional PI returns to 3500V after 1.6s. For the SMC, the voltage always keeps at 3400V. It shows that the SMC and PI controller cannot maintain the system stability in the situation of load changing suddenly. In addition, the fluctuations of these three control methods are most the same. In summary, the ESO + SMC has better anti-interference ability than the other two control strategies. The evaluations of decoupling grid currents i d and i q are also shown in Figure 13 , Table 6 and 7. After the sudden change of load at 1s, only i q of ESO + SMC can remain substantially unchanged, that is, the reactive power is maintained at around 0. The proposed control method shows good anti-jamming performance. Moreover, the proposed control method shows the smallest current fluctuation. In a word, the ESO + SMC can ensure that the system is stable and it is better than other two control methods.
The tracking performances of z 1 and z 2 under the sudden load change are shown in Figure 14 .z 1 still maintains excellent tracking performance after the load change at 1s as shown in figure 14 (a) . On the other hand, z 2 can also rapidly track the actual load power after the sudden load change, and achieve the system dynamic balance in a short time as shown in figure 14 (b) . The waveforms of AC current and voltage of EMUs LSC using three control methods and the FFT results after 1.3s of AC currents under a sudden change in load at 1s are shown in Figure 15 . The waveforms illustrate that, the three control strategies can achieve the objective shown in equation (8) after the sudden load change, and the proposed control method still has the lowest THD value. It can be observed that, the ESO + SMC can guarantee the lowest harmonic interference of LSC to traction network of the above-mentioned three control methods when the system is disturbed.
In conclusion, the proposed method has the fastest response rate and no overshoot in terms of dynamic characteristics. For static characteristics, the ESO + SMC has the lowest steady-state error after the sudden load change. Moreover, ESO + SMC not only requires less information of state variables than SMC, but also overcomes the disadvantage that the other two methods are sensitive to load changes. Most of all, ESO + SMC can ensure that the harmonic interference that injects into traction network is minimal among the three control methods whether the system is in the steady state or being disturbed.
IV. SIMULATION OF MULTI-EMUS CONNECTED VEHICLE-GRID COUPLING SYSTEM
To verify the effect of suppressing LFO, the simulation model of vehicle-grid coupling system is constructed by the reduced-order method [14] . Multiple EMUs based on ESO + SMC and PI control strategies are connected with the traction network in parallel to build the cascaded system. To accord with the actual engineering situation, the simulation mode is carried out in several stages. The first five vehicles are accessed to the traction network at 0s, and the other three vehicles are added at the time of 3s, 6s and 9s, separately. Finally, eight vehicles are connected totally. The control performance based on ESO + SMC is judged by observing the stability of the vehicle-grid coupling system. The simulation results of electrical quantities at traction network side and the vehicle side are shown in Figure 16 .
In Figure 16 , for the PI controller, it can be observed that, the fluctuation appears in both voltage and current at the traction network side when each vehicle is accessed. And the fluctuation returns to the stable state at last. Until the eighth EMUs are connected to the traction network at 9s, the LFO appears in both voltage and current and cannot recover the stable state. At this moment, the influence factor of the instability from the traction power units of vehicle is beyond the critical value of the system. Based on ESO + SMC, there is no LFO all the time and the peak of the AC voltage at the traction network side is stable at 38.89 kV, which denotes that the ESO + SMC control strategy can effectively suppress LFO. 
V. SEMI-PHYSICAL EXPERIMENT OF VEHICLE-GRID COUPLING SYSTEM A. CONSTRCTION OF DSPACE SEMI-PHYSICAL EXPERIMENTAL PLATFORM
In order to demonstrate the effectiveness of the proposed control method to suppress LFO, an integrated dSPACE semi-physical experimental platform which consists of eight EMUs and an equivalent traction network has been built. The dSPACE platform mainly includes the following three parts.
1) THE DSPACE PART
There are two dSPACE real-time simulators in the dSPACE part, and each dSPACE real-time simulator is used to simulate four EMUs. The two dSPACE simulators communicate with each other through connections between interfaces and form a controllable whole which simulates eight EMUs totally.
2) THE DRIVE CONTROL UNIT (DCU) PART
The DCU part consists of eight control crates, each of which controls one simulated EMUs independently, which conforms to the actual engineering conditions. The DCU control part directly interacts with the dSPACE part through the electrical hard wired. A DCU mainly includes a system management and data transmission (SMDT) module, three line concentration control (LCC) modules, an analog signal sampling (ASS) module and a pulse conversion module. The SMDT module manages the whole DCU and realizes data transmission between DCU and external system. After the control strategy is compiled by the external connected PC computer, the control strategy can be imported into the DCU. An LCC module contains a TE638201 digital signal processing (DSP), and a DSP can control two doublyredundant LSCs at most. A CRH5 EMUs contains five power units and each power unit has one doubly-redundant LSC. Because a DCU module can control six doubly-redundant LSCs at most, thus a DCU module can realize the control of a simulated EMU. The ASS module collects the voltage and current signals obtained by simulation of dSPACE module. The pulse conversion module output digital control signals, which are control signals of the switching devices, to achieve direct control of the simulated EMUs. In conclusion, the main functions of DCU part is to collect sampled voltage and current signals of the EMUs and operate control algorithms, so as to realize the controlling of the trigger pulses of the switching devices of LSCs.
3) EXTERNAL CONNECTED PC COMPUTER
The external connected PC computer is connected to both dSPACE part and DCU control part, thus the circuit simulation model can be imported into dSPACE from the PC computer and the dSPACE can be monitored in real time, and the control algorithm can be imported into the DCU control part from the PC computer, too.
In this dSPACE platform, there are also a DC source and two radiators. The DC source supplies power to the DCU control parts, and the radiators are equipped for the DC source. Other hardware devices are powered directly by threephase alternating current supply.
The experimental process is described as follows. First, the main circuit model of the vehicle-grid system in the external connected PC computer is established, which consists of the grid model, traction transformer model, converter model and equivalent load, etc. Second, the main circuit model to the dSPACE crates for compilation is downloaded. Third, the control algorithm of converters to the DCU control crates is downloaded. Last, the DCU control crates will output the converter switch control signals while receiving the electrical signals from the dSPACE crates and the entire system starts running. Each physical control crate is the drive control unit (DCU) of real-life CRH5 EMUs, whose number is 8. Therefore, this experiment platform can reflect the real application condition and realize the control of eight CRH5 EMUs. The block diagram of the dSPACE platform is shown in Figure 17 . The picture of dSPACE part and DCU part are shown in Figure 18 .
B. SEMI-PHYSICAL EXPERIMENTAL RESULTS OF VEHICLE-GRID COUPLING SYSTEM
The experimental waveforms in a power unit which includes one doubly-redundant LSC based on the PI and ESO + SMC are shown in Figure 19 . U dc , e n and i n are observed based on above two control strategies. It can be seen in Figure 19 that both control strategies can guarantee the control objectives shown in equation (7) and (8) . That is to say, the DC-link voltage U dc maintains the relative stability and the reactive power is close to 0. The realization of the above two control objectives is the basis for ensuring the normal operation of the EMUs. The control strategy can be used in multi-EMUs connected vehicle-grid coupling system experiment on the basis of the successful realization of a single power unit. FIGURE 20 shows the experimental results based on the ESO + SMC and PI control strategies of multi-EMUs connected vehicle-grid coupling system. According to the practical situations in high-speed railway depots, the experimental mode is set as follows. Each EMU is accessed to the traction network in sequence until 8 EMUs are connected totally. It can be observed that the current increases rapidly when the 8th EMU is connected to the traction network based on the PI control. According to the enlarged waveforms on the right side, the phenomenon of LFO appears after the 8th EMU is accessed, which is the DC-link voltage U dc and the amplitude envelopes of both e n and i n exhibit the LFO phenomenon with a frequency of approximately 7 Hz. As compared with the PI control, ESO + SMC control has no LFO at all, and both the current and voltage were stable throughout the experimental process. 
VI. CONCLUSIONS
This paper proposed a nonlinear control strategy based on the ESO + SMC to suppress LFO. According to the topology structure of the traction LSC of EMUs, the state space model is built and the proposed control strategy is designed under the basic concept of ESO and SMC. Then, the simulation model of the doubly-redundant LSC is constructed and the control effects are analyzed by comparing with PI and SMC. Finally, the suppression effect of LFO is verified on dSPACE semi-physical platform of the vehicle-grid coupling system. Through the theoretical analysis, simulation and experimental results, some conclusions can be drawn below;
1) The proposed ESO + SMC control strategy can overcome the contradiction between the response speed and the overshoot time. It can achieve fast response and low overshoot and have better performance on other performance indexes.
2) The SMC part can improve the response speed, and further the dynamic characteristics of the system. The ESO part based on the disturbance estimation in the outer loop can improve the robustness of the system. 3) The effectiveness of the proposed ESO + SMC to suppress LFO is strongly proved by the experiment on the integrated dSPACE semi-physical experimental platform consisting of eight EMUs and an equivalent traction network. Applying the ESO + SMC control strategy proposed in this paper in the control of the LSC of EMUs is an effective implementation method to suppress LFO and prevent the serious consequences, such as the traction blockade and the loss of power during operation. Obviously, it has great significance for the safety and stability of electrified railways.
However, there are still some defects of the proposed ESO + SMC control strategy. The harmonics of the current at the traction network-side are scattered, which is not conducive to the design of the filter and the DC-link fluctuations at the stable state are not significantly reduced. The future work can be carried out to improve the controller. For example, the capability of ESO could be improved by integrating with LSC more effectively or combining ESO with other excellent control strategy.
APPENDIX
The derivation process of equation (18) is presented as follows.
The closed-loop transfer function of the system (15) is
The poles of (31) is given by
Since β 1 is a positive parameter, the real part of s is negative, and each element in G(s) can be expressed as a sum of finite terms of the form;
where a, b and p are corresponding coefficient, order and pole. Due to the fact that,
